Figure 1. (a) On-chip control of light pulse speed using stimulated Brillouin scattering (SBS) slow and fast light in a chalcogenide (As 2 S 3 / rib waveguide. (b) Optical microscope image (i) of a typical As 2 S 3 rib waveguide and (ii) optical and (iii) acoustic modes in the rib waveguides showing strong mode confinement, which leads to strong light-sound interaction for SBS. (c) Normalized gain and absorption resonances (solid) and associated dispersion
ultrafast, all-optical signal processing. [7] [8] [9] The large n of chalcogenide glass results in a large Brillouin scattering cross-section due to its strong dependence on the refractive index (/ n 8 /. 10 However, having large n alone is not sufficient for strong light-sound interaction. Further restrictions are imposed by the need for strong optical-acoustic overlap, which requires both the optical and acoustic modes to be strongly confined in the same structure, and the smaller optical mode area for efficient operation.
For a chalcogenide chip fabricated on a silica substrate, the large index contrast with substrate facilitates fabrication of a device with a smaller optical mode area and strong optical confinement. The smaller sound speed in chalcogenide glass (v a 2550m/s) compared to silica (v a 5600m/s) results in strong acoustic mode confinement (see Figure 1) , and thus strong lightsound interaction, making it the material of choice for chip-scale SBS slow and fast light.
In our recent work, we exploited the large SBS cross-section and small-optical mode area of our 7cm long chalcogenide photonic chip to realize strong SBS 10 and SBS-based slow and fast
Figure 3. Measured output pulses for a 25ns long Gaussian pulse for different gain (G), demonstrating slow light for pulses centered at the Stokes frequency and fast light for pulses (cyan) centered at the antiStokes frequency.
light. 11 Figures 2(a-b) show the measured group-index change (n g / for the slow and fast light regimes, respectively, demonstrating a large n g 68 for the slow light, measured at a gain of 11:3dB, and a negative group-index of -44 for the fast light.
In our demonstration, pulse delay was measured using a quasi continuous wave (CW) pump to increase the pump power while maintaining low average power. A maximum delay of 23ns was achieved for a Gaussian pulse with full-width at half-maximum (FWHM) width of 100ns, which results in a large n g 130, the largest n g ever achieved for SBS slow light. The corresponding light speed of 2307km/s was achieved in these experiments. The short device length, 30 times smaller than the length used in an earlier device with record n g , 12 and low power ( 300mW) consumption makes it a compact, efficient device for all-optical tunable delay and microwave signal processing. Using SBS slow and fast light, pulse delay can be continuously tuned by varying the pump power (see Figure 3) . For a pulse with FWHM of 25ns, we achieved a maximum delay of 22ns, which is nearly one pulse width (see Figure 3) .
Many of the existing slow-light schemes are limited in terms of wavelength of operation, delay tunability, and signal bandwidth. SBS-based slow light provides tunable delay and wavelength-independent operation. In addition, the signal bandwidth can be varied by tailoring the pump spectrum, so it can accommodate signals with different bandwidths. In recent work, 13 we performed a proof-of-concept experiment where the 3dB bandwidth (f 3dB / of the SBS profile was doubled by tailoring the pump profile. Figure 4 (a, c) shows that by tailoring the spectrum from a single-pump to dual-pump configuration, the overall SBS gain profile (solid, see Figure 4c ), which results from two individual gain profiles (dashed, see Figure 4c ), has a flat top shape and larger f 3B . Figure 4(b, d) shows the measured gain profiles for a single CW pump and two CW pumps (separated by 18MHz), respectively. Using two pumps, a nearly flat-top SBS gain profile is achieved with f 3dB improved from 20MHz to 40MHz, demonstrating that the bandwidth of the SBS gain spectrumand thus of a SBS slow and fast light system-can be increased.
Continued on next page
Harnessing SBS slow and fast light in a chip-scale device enables on-chip tunable delay lines, which have application in microwave signal processing as tap delay lines for microwave photonic filters. 14 Exploiting SBS in a chip-scale device, in general, opens up a number of applications ranging from Brillouin lasers [15] [16] [17] and microwave signal processing 13, 14, 18 to tailoring light-sound interaction [19] [20] [21] for enhanced opto-mechanical interaction. 21 In the future, we plan to exploit SBS slow light-based tunable delay in our device to realize on-chip microwave photonic filters and true-time delay for a phase-array antenna. In general, onchip SBS will be exploited for chip-scale Brillouin lasers and for generating frequency combs. 
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